INTRODUCTION
============

In recent years, interest in the implementation of healthy diets high in fruits and vegetables,[@nuz083-B1] shown to have positive effects on disease prevention[@nuz083-B7] and life expectancy, has been increasing.[@nuz083-B10] Some of the health benefits attributed to the frequent consumption of fruits and vegetables can be attributed, at least in part, to phenolic compounds, which are naturally produced biomolecules contained in a variety of plants.[@nuz083-B11]^,^[@nuz083-B12] Phenolic compounds, however, are classified into widely varying families of biomolecules, and not all families have the same effects on maintenance of health and prevention of disease.[@nuz083-B13]^,^[@nuz083-B14] One of the most important classes of phenolic compounds are the flavonoids, particularly the anthocyanins, which have shown promising potential in the prevention of diseases and conditions such as obesity,[@nuz083-B15] type 2 diabetes,[@nuz083-B17] hypertension,[@nuz083-B20] prostate cancer,[@nuz083-B21] lung cancer,[@nuz083-B24] heart failure,[@nuz083-B27] renal failure,[@nuz083-B28] Alzheimer disease, and Parkinson disease.[@nuz083-B31] Anthocyanins are water-soluble pigments responsible for the red or blue coloration of certain flowers, seeds, fruits, and plants.[@nuz083-B36] They are most commonly found in great concentrations in both the flesh and the skin of red-fleshed apples[@nuz083-B37] and in most berries.[@nuz083-B38] They can be further divided into parent anthocyanins or anthocyanin metabolites, depending on their chemical structure or their metabolization.[@nuz083-B39] Parent anthocyanins are cyanidin-3-glucoside (C3G), peonidin-3-glucoside, and malvidin-3-glucoside, while anthocyanin metabolites are cyanidin-3-glucuronide, peonidin-3-*O*-arabinoside, and malvidin-3-galactoside.[@nuz083-B39]

Despite the important role of fruits and vegetables in human health, only a few biochemical markers that can assess individual intake of specific food items have been described.[@nuz083-B40]^,^[@nuz083-B41] The identification of biomarkers of anthocyanin-rich foods such as berries[@nuz083-B42] could help further elucidate the specific health benefits of anthocyanins.

It is possible, however, that a biomarker of anthocyanin intake could have low specificity. One possible explanation for the lack of specific biomarkers described thus far might be the heterogeneous composition of foods, which hinders the identification of viable biomarker candidates. Hence, there is a need to identify specific biomarkers to assess the consumption of berries. Recently, guidelines for addressing the complex assessment and validation of biomarkers of food intake have been proposed.[@nuz083-B42]^,^[@nuz083-B43] Dragsted et al[@nuz083-B43] were the first to propose a comprehensive guideline for the validation of biomarkers of food intake after conducting a systematic review of the literature. They proposed a novel process, based on the analysis of different criteria, for the identification of possible biomarkers of food intake. Therefore, the aim of the present systematic review of clinical trials, conducted in accordance with the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines, is to propose a possible biomarker of phenolic compounds present in human body fluids after the ingestion of anthocyanin-rich berries.

METHODS
=======

Search strategy and selection criteria
--------------------------------------

The present systematic review of human clinical trials of berry consumption was conducted in accordance with the PRISMA methodology[@nuz083-B44] and was previously registered in University of York's PROSPERO (International Prospective Register of Systematic Reviews) with the registration number CRD42018096796.

A Web-based search of the PubMed and Cochrane Library databases was performed using with the following terms, which included all berries with high anthocyanin content: (blackcurrant OR "blackcurrant extract" OR blackberry OR "blackberry extract" OR raspberry OR "raspberry extract" OR blueberry OR "blueberry extract" OR cherry OR "cherry extract" OR redcurrant OR "redcurrant extract" OR grape) AND (biomarker\* OR marker\* OR metabolite\* OR pharmacokinetics OR biokinetics) AND (intake OR ingestion OR consumption OR eating OR diet) AND (human OR men OR women OR patient) AND (urine OR blood OR plasma OR serum OR faeces OR feces) NOT (animal OR mouse OR mice OR rat OR pig OR juice OR drink OR cell OR in vitro OR questionnaire OR self-reported OR systematic review).

Published articles were screened on the basis of their titles, abstracts, and full texts, with the following inclusion criteria applied: (1) intervention studies performed in humans; (2) healthy male or female participants; (3) participant age between 18 and 90 years; (4) parallel studies; (5) untargeted analytical approach; (6) diet free of phenolic compounds for ≥ 24 hours before the start of the study; (7) analysis of body fluids (blood, plasma or urine, feces, or saliva) performed; (8) body fluids analyzed at baseline; (9) dose characterization performed; (10) use of a controlled, polyphenol-free diet during the intervention; and (11) studies published from January 1, 2008, to January 10, 2019. The following exclusion criteria were applied: (1) articles not published in English; (2) crossover washout period of less than 48 hours; (3) administration of phenolic compound--rich fruits in conjunction with other nutritional elements; (4) presence of gastrointestinal pathologies such as inflammatory bowel disease or chronic malabsorption syndrome; (5) participants under any kind of medication or treatment; (6) targeted (ie, nongeneral) analytical approach; (7) nonhealthy individuals; and (8) any inclusion criterion not fulfilled. Further information about the PICOS (Population, Intervention, Comparison, Outcomes, and Study design) criteria is detailed in [Table 1](#nuz083-T1){ref-type="table"}.

Process for selecting a biomarker candidate
-------------------------------------------

In the present systematic review, the following process is proposed for selecting a biomarker candidate. First, a systematic review was performed to search for all studies of possible phenolic compounds present or absent in human body fluids. Second, the risk of bias of all included clinical trials was assessed to determine study quality. Third, of the phenolic compounds found in human body fluids, the one described most frequently was identified. Fourth, the 8 criteria proposed by Dragsted et al[@nuz083-B43] for validating biomarkers of food consumption were applied to the biomarker candidates found most frequently. This was done to identify the most viable candidates. Special emphasis was placed on the plausibility criterion, which is an essential criterion for any biomarker of food intake.[@nuz083-B43] Fifth, to determine which phenolic compounds identified would be most viable as biomarker candidates, further statistical analysis was conducted to determine the specificity and sensitivity of each compound by calculating the area under the curve (AUC) receiver operating characteristic (ROC) curve. Finally, results were discussed in relation to the bibliographic references available, and conclusions were drawn.

Data extraction and analysis
----------------------------

Using the PRISMA criteria,[@nuz083-B44] 2 authors (Ú.C. and B.A.S-R.) independently extracted published data from the main text and tables. Any differences were resolved by a third author (R.S.). The following information was extracted from all included articles: (1) study characteristics, including type (postprandial, parallel, or crossover) and length of study, type of samples analyzed, sources of anthocyanins, routes of administration used, and number and size of doses used; (2) number and characteristics of participants, including age, sex, and health status; and (3) total or specific amounts of phenolic compounds reported. The PRISMA checklist is provided as [Table S1](#sup1){ref-type="supplementary-material"} in the Supporting Information online.

Risk-of-bias assessment
-----------------------

Two authors (B.A.S-R. and Ú.C.) independently assessed the potential risk of bias of the studies that met the inclusion criteria, using the methodological index for nonrandomized studies (MINORS).[@nuz083-B45] Items were scored with 0 if no data were reported; with 1 when data were reported but were inadequate; and with 2 when data were both reported and adequate. If, after applying the MINORS criteria, a study received a score of 13 or above, with 24 being the maximum score, risk of bias was considered low.[@nuz083-B45] Additionally, in accordance with the PRISMA guidelines,[@nuz083-B44] 2 authors (B.A.S-R. and Ú.C.) reached a consensus, and a third author (R.S.) independently resolved any discrepancies between the other 2 authors. The potential risk of bias of the present systematic review was assessed by AMSTAR 2, a tool for the critical appraisal of systematic reviews that include randomized or nonrandomized studies of healthcare interventions.[@nuz083-B46] AMSTAR 2 is based on the evaluation of 16 items by means of simple response categories. The results of the systematic review can then be rated as being of high, moderate, low, or critically low quality.

Criteria for assessment of biomarkers of berry intake
-----------------------------------------------------

The assessment and validation of biomarkers of food intake was performed according to Praticò et al[@nuz083-B42] and Dragsted et al[@nuz083-B43] and included the 8 criteria proposed by Dragsted et al[@nuz083-B43]: (1) plausibility or specificity, to determine if the biomarker was specific or could be attributed to a food or food group. If the phenolic compound composition of the berries was not reported in the included studies, it was retrieved from the Phenol-Explorer database[@nuz083-B47]; (2) dose-response, to determine if the concentration of the biomarker in the sample(s) analyzed increased or decreased in agreement with the dose of molecule used; (3) time response, to determine if the description of the kinetics of the molecule is adequate to enable prudent choices about sample type and time window; (4) robustness, to determine if the biomarker remains robust even after the ingestion of different types of complex meals; (5) reliability, to determine if the biomarker compares well with other biomarkers or other data following intake of the same food or food group; (6) stability, to determine if the marker is stable during collection, processing, and storage; (7) analytical performance, to determine if the specificity and sensitivity of the molecule are adequate, and if the molecule can be measured with accuracy; and (8) reproducibility, to determine if analysis of the molecule has been successfully reproduced in another laboratory.[@nuz083-B43] To evaluate each of the 8 criteria, the researcher could answer as follows: (a) yes, which indicates the phenolic compound was investigated and meets the criterion completely; (b) no, which indicates the phenolic compound was investigated but did not meet the minimum requirements for the criterion to be met; or (c) undetermined, which indicates the phenolic compound has not yet been researched or the results obtained were uncertain. However, a molecule could be considered a specific biomarker of food intake even if not all these criteria were answered with "yes" responses. If a phenolic compound candidate fulfills all criteria except the plausibility criterion, it must be discarded as a potential biomarker. Moreover, each phenolic compound should be analyzed in accordance with the objectives of its specific use. For instance, an unstable biomarker might be useful for short-term, but not long-term, assessment of exposure.

Statistical analyses
--------------------

The frequency with which each phenolic compound appeared in human body fluids was calculated and expressed as a percentage. The dose of anthocyanin-rich berries consumed was expressed as the mean and standard deviation (SD). Since quantitative information about the concentration of each phenolic compound in each sample could not be obtained from the studies included in the review, the concentrations that were reported have been translated into a qualitative dichotomic variable expressed as the presence or absence of any given phenolic compound molecule in plasma and urine. A cutoff point of phenolic compound metabolites that appeared in more than 40% of the plasma or urine samples of all individuals analyzed was established. The χ^2^ test was used to compare the presence of the most frequent phenolic compound metabolites in the 2 matrices. Sensitivity (true positive) and specificity (false positive) values were calculated using the AUC ROC, which was obtained from the calculation of the logistic regression model that was constructed for phenolic compounds deemed most promising on the basis of the trapezoidal rule. Thus, AUC values close to 100% indicate better discriminatory power. Results from the qualitative variables were expressed as percentages. It is possible that biomarker candidates could be composed of 2 or more less-specific phenolic compounds, and therefore the bivariate Pearson correlation was used to calculate correlations between phenolic compounds found in urine or plasma. All statistical analyses were performed using IBM SPSS software, version 25.0. All *P* values less than 0.05 were considered statistically significant.

RESULTS
=======

Literature search and study selection
-------------------------------------

The initial screening identified 103 trials published between January 1, 2008, and January 10, 2019. After the further analysis, 79 studies were excluded for not meeting the inclusion criteria, and 6 were excluded as duplicate publications. As a result, 18 publications met the inclusion criteria and were examined further. Eight of these 18 publications were excluded for other reasons, shown in [Figure 1](#nuz083-F1){ref-type="fig"}; thus, 10 articles were included in the review.[@nuz083-B48] One of the 10 articles performed both short- and long-term exposure experiments.[@nuz083-B49] Therefore, these experiments were included separately in the review, resulting in a total of 11 studies. No study had a control group. The complete selection process is shown in [Figure 1](#nuz083-F1){ref-type="fig"}.

![**Flow diagram of the literature search process.** *Abbreviation*: RCT, randomized controlled trial.](nuz083f1){#nuz083-F1}

Risk-of-bias assessment
-----------------------

The MINORS methodology was used to determine the risk of bias in all 10 articles included. Six studies had no conflict of interest,[@nuz083-B48]^,^[@nuz083-B49]^,^[@nuz083-B51]^,^[@nuz083-B53]^,^[@nuz083-B54]^,^[@nuz083-B57] 3 did not report any information about possible conflicts of interest,[@nuz083-B50]^,^[@nuz083-B55]^,^[@nuz083-B56] which led to a lower score, and 1 study reported conflicts of interest for receiving funding from the alcoholic beverage industry, though the funding did not influence the study results.[@nuz083-B52] All 10 articles received a score above 13 points (mean ± SD, 18.10 ± 1.45 points), which was considered a low risk of bias. The MINORS scores for all studies that met the inclusion criteria, along with the results of further analysis, are provided in [Table S2](#sup1){ref-type="supplementary-material"} in the Supporting Information online.

The AMSTAR 2 tool was used to assess the nonrandomized clinical trials included in the present review. The results show this review to be of high quality for its low risk of bias (see [Appendix S1](#sup1){ref-type="supplementary-material"} in the Supporting Information online).

Overview of findings
--------------------

Consumption of the following berries was reported in the 10 articles included: red raspberry,[@nuz083-B48] raspberry,[@nuz083-B51] wild blueberry,[@nuz083-B49]^,^[@nuz083-B53] black raspberry,[@nuz083-B50] grape pomace,[@nuz083-B52] mixed berry puree,[@nuz083-B54] blackberry,[@nuz083-B55]^,^[@nuz083-B57] elderberry, and lowbush blackberry.[@nuz083-B56]

Since none of the included studies reported the composition of the different berries administered, the Phenol-Explorer database[@nuz083-B47] was used to determine the polyphenol content of berries. The daily oral dose of anthocyanins ranged between 12 g of elderberry extract[@nuz083-B56] and 500 mL of mixed berry puree, which was described as being equivalent to 500 g.[@nuz083-B54] The mean dose of anthocyanins administered was 181 ± 130 g/d. A total of 105 participants were included in the analysis (39 men, 36 women, and 30 individuals whose sex was not reported).

The following methods were used for the detection of phenolic compounds: high-performance liquid chromatography (HPLC) in 5 studies[@nuz083-B50]^,^[@nuz083-B56]^,^[@nuz083-B57] HPLC coupled with quadrupole high-resolution time of flight mass spectrometry (HPLC-QTOF-MS) in 2 studies,[@nuz083-B49]^,^[@nuz083-B53] HPLC coupled with a diode-array detector (HPLC-DAD) in 1 study,[@nuz083-B54] HPLC--electrospray ionization tandem mass spectroscopy (HPLC-ESI-MS/MS) in 1 study,[@nuz083-B55] and ultra HPLC-QTOF-MS (UHPLC-QTOF-MS) in 1 study.[@nuz083-B48]

Of the 10 studies included in this review, 1 evaluated phenolic compounds in plasma only,[@nuz083-B53] 5 evaluated phenolic compounds in urine only,[@nuz083-B50]^,^[@nuz083-B52]^,^[@nuz083-B54] and 4 evaluated phenolic compounds in both urine and plasma[@nuz083-B48]^,^[@nuz083-B49]^,^[@nuz083-B51]^,^[@nuz083-B57]; of the last 4 studies, 1 included short-term and long-term experiments in a single study.[@nuz083-B49] None of the included studies assessed the presence of parent anthocyanins or anthocyanin metabolites in matrices other than plasma or urine, such as in saliva, blood, or feces.

With regard to the period of berry consumption, 7 studies were conducted as short-term trials, which included periods ranging between 2 hours and 48 hours,[@nuz083-B49]^,^[@nuz083-B51] 2 studies were performed as long-term trials, which ranged between 7 days and 32 days,[@nuz083-B48]^,^[@nuz083-B50] and 1 study performed both long-term and short-term experiments.[@nuz083-B49] The mean (± SD) length of the long-term interventions was 23 ± 11.34 days. Complete information about the included studies is reported in [Table 2](#nuz083-T2){ref-type="table"}.[@nuz083-B48]

Phenolic compounds detected in plasma and urine
-----------------------------------------------

### Phenolic compounds detected most frequently

A total of 203 different phenolic compounds were detected in urine and plasma after consumption of anthocyanin-rich berries in the human studies included in the present review (see [Table S3](#sup1){ref-type="supplementary-material"} in the Supporting Information online). Ninety-seven phenolic compounds were found in both plasma and urine, 21 were found only in plasma, and 85 were found only in urine. Of these, those that appeared in more than 40% of samples (the cutoff value established to designate the most frequently detected phenolic compounds, since a higher cutoff significantly limited the number of candidate phenolic compounds) of human plasma, urine, or both were selected, resulting in 19 different phenolic compounds ([Table 3](#nuz083-T3){ref-type="table"}).

The following 10 phenolic compounds, in decreasing order, were detected most frequently in urine: C3G (58.06%); 3,4-dihydroxyphenylacetic acid (44.09%); 4-hydroxybenzoic acid (44.09%); caffeic acid (44.09%); gallic acid (44.09%); hippuric acid (44.09%); 2-methylpyrogallol-*O*-sulfate (41.94%); 4-hydroxyhippuric acid (41.94%); dihydrocaffeic acid (41.94%); and protocatechuic acid (41.94%).

In plasma, the following 15 phenolic compounds, in decreasing order, were detected in more than 40% of samples: C3G (69.49%); cyanidin-3-glucuronide (69.49%); 4-hydroxyphenylacetic acid (54.24%); ferulic acid (54.24%); hippuric acid (54.24%); *p*-coumaric acid (54.24%); 4-hydroxybenzoic acid (50.85%); caffeic acid (50.85%); syringic acid (50.85%); vanillic acid (50.85%); 3,4-dihydroxyphenylacetic acid (49.15%); 4-hydroxyhippuric acid (45.76%); ferulic acid 4-*O*-glucuronide (45.76%), ferulic acid 4-sulfate (45.76%); and isoferulic acid 3-*O*-β-D-glucuronide (45.76%).

The phenolic compounds C3G, 3,4-dihydroxyphenylacetic acid, 4-hydroxybenzoic acid, caffeic acid, hippuric acid, and 4-hydroxyhippuric acid were present in high frequencies in either plasma or urine samples. In particular, C3G was the phenolic compound most frequently detected in both urine (58.3%, n* *= 54 of 93 samples) and plasma (69.49%, n* *= 41 of 59 samples). Cyanidin-3-glucuronide was frequent in plasma (69.49%, n* *= 41 of 59 samples), but not in urine (26.88%, n* *= 25 of 93 samples). Complete information on the 19 most frequently detected phenolic compounds is shown in [Table 3](#nuz083-T3){ref-type="table"}.

### Correlation between phenolic compounds found most frequently

The 19 phenolic compounds found most frequently in this systematic review ([Table 3](#nuz083-T3){ref-type="table"}) were used to create a correlation matrix to determine whether any correlations exist between the phenolic compounds. In plasma, 15 phenolic compounds were found to be significantly correlated (*P* \< 0.05), whereas in urine, 10 phenolic compounds were correlated (*P* \< 0.05). Cyanidin-3-glucoside was correlated with cyanidin-3-glucuronide in plasma (*r* = 1.00; *P* \< 0.001), but not in urine. The correlation matrix of the most frequent metabolites found in plasma or in urine is presented in [Figure 2](#nuz083-F2){ref-type="fig"}.

![**Correlation matrix of the most frequent metabolites found in plasma or urine.** (A) Correlation between the significant metabolites found in plasma. (B) Correlation between the significant metabolites found in urine. All percentages of correlation values are statistically significant (*P* \< 0.05) unless otherwise indicated; asterisks (\*) indicate nonsignificant values. *Metabolites*: M012, 2-methylpyrogallol-*O*-sulfate; M015, 3,4-dihydroxyphenylacetic acid; M036, 4-hydroxybenzoic acid; M040, 4-hydroxyhippuric acid; M041, 4-hydroxyphenylacetic acid; M055, caffeic acid; M077, cyanidin-3-glucoside; M078, cyanidin-3-glucuronide; M089, dihydrocaffeic acid; M116, ferulic acid; M117, ferulic acid 4-*O*-glucuronide; M118, ferulic acid 4-sulfate; M121, gallic acid; M123, hippuric acid; M127, isoferulic acid 3-*O*-β-D-glucuronide; M160, *p*-coumaric acid; M177, protocatechuic acid; M188, syringic acid; M199, vanillic acid.](nuz083f2){#nuz083-F2}

### Assessment of a candidate biomarker of anthocyanin-rich berry intake

The 19 phenolic compounds detected most frequently in this systematic review ([Table 3](#nuz083-T3){ref-type="table"}) were assessed as potential biomarkers of anthocyanin-rich berry intake, using the 8 criteria proposed by Dragsted et al[@nuz083-B43] ([Figure 3](#nuz083-F3){ref-type="fig"}). Cyanidin-3-glucoside fulfills the plausibility criterion, which is an essential criterion for any biomarker of food intake, as well as the dose-response, time response, stability, and analytical performance criteria. Cyanidin-3-glucuronide, a metabolite of C3G, also fulfills the plausibility criterion, but its presence in plasma and urine has scarcely been studied. The other 17 phenolic compounds do not fulfill the plausibility criteria and thus were excluded as candidate biomarkers of berry intake.

![**Criteria for validating biomarkers of food intake, applied to molecules that appeared in more than 40% of samples.** Dark green: yes; the criterion is fulfilled for at least some use of the biomarker; light green: partial yes; the criterion is fulfilled, but more information is needed for complete validation; yellow: undetermined; information is insufficient to validate the criterion; red: no; the criterion has been investigated but is not fulfilled.](nuz083f3){#nuz083-F3}

#### Sensitivity and specificity analyses of C3G as a biomarker of anthocyanin-rich berry intake

To test the sensitivity and specificity of C3G as a biomarker of berry intake, the AUC ROC of C3G in plasma and urine was calculated. The AUC was 74% (*P* = 0.210) in plasma and 61.7% (*P* = 0.402) in urine ([Figure 4](#nuz083-F4){ref-type="fig"}).

![Results of the receiver operating characteristic (ROC) analysis, performed to determine the sensitivity and specificity of C3G in (A) plasma (AUC 74%; *P* = 0.210) or (B) urine (AUC 61.7%; *P* = 0.402).](nuz083f4){#nuz083-F4}

DISCUSSION
==========

Of the 203 phenolic compounds identified in the present review, 2 anthocyanins are detected most frequently after consumption of anthocyanin-rich berries. Cyanidin-3-glucoside is the phenolic compound and anthocyanin detected most frequently in both urine and plasma, while cyanidin-3-glucuronide is the second most frequent anthocyanin in plasma, but not in urine.

As noted in the section "Assessment of a Candidate Biomarker of Anthocyanin-Rich Berry Intake" C3G is one of two phenolic compounds that fulfill the criterion of plausibility. In order for a molecule to be considered a biomarker of intake, it must meet the plausibility criterion.[@nuz083-B43] Since the other phenolic compounds did not fulfill the plausibility criterion, they were not considered viable candidates as biomarkers of anthocyanin-rich berry intake. Cyanidin-3-glucoside also met several other criteria. Consequently, each of the 8 Dragsted et al[@nuz083-B43] criteria is analyzed and discussed below, but only for C3G.

Criteria for validation of C3G as a biomarker of anthocyanin-rich berry intake
------------------------------------------------------------------------------

### Plausibility

The plausibility of a specific molecule within a certain food or food group to become a biomarker requires consideration of different confounding factors, such as the molecule's presence in other foods as well as whether the molecule is used as an additive or is generated endogenously from the metabolization of other compounds.[@nuz083-B43] As a result, plausibility demonstrates a causal relationship between the ingestion of an anthocyanin-rich berry and the presence of the anthocyanin in biological samples. According to Phenol-Explorer, C3G is found in the anthocyanin-rich berries consumed in the studies included in this review.[@nuz083-B47] The results show that C3G was present in 69.49% of the plasma samples and 58.06% of the urine samples obtained from participants after intake of anthocyanin-rich berries in clinical trials.

Cyanidin-3-glucoside is a relatively infrequent molecule in nature, present mostly in red- or blue-pigmented fruits such as berries but also in certain vegetables such as red cabbage and olives.[@nuz083-B47] Additionally, C3G has been found in several organs, such as the brain, liver, vascular endothelium, kidney, and lungs, in different animal models following ingestion of diverse anthocyanin-rich foods.[@nuz083-B58]

Cyanidin-3-glucoside is not a derivative of other chemical substances commonly present in mammalian organs, such as 3,4-dihydroxyphenylacetic acid, a derivative of dopamine that can be found in animal brains,[@nuz083-B61] or ferulic acid, which can be obtained from the metabolization of caffeic acid and is also present in diverse foods such as some fermented alcoholic beverages,[@nuz083-B64] fruit,[@nuz083-B65] cereals,[@nuz083-B66] vegetables,[@nuz083-B67]^,^[@nuz083-B68] vegetable oils,[@nuz083-B69] and seeds.[@nuz083-B67]^,^[@nuz083-B68] Moreover, C3G is not used as an additive for the preservation of processed foods.[@nuz083-B70] Cyanidin-3-glucuronide, a metabolite of C3G, also fulfills the plausibility criterion, but information about its metabolization and presence in food is scarce.

### Dose-response

The dose-response criterion refers to the relationship between the dose of anthocyanins ingested and the presence of anthocyanins in organs or tissues. The dose response depends on the bioavailability of C3G, taking into account the limits/levels of saturation and the saturation kinetics of C3G.[@nuz083-B43] After a single oral ingestion of 150 g of wild blueberry puree, the mean C~max~ of C3G was 2.4 ± 0.2 nmol/L.[@nuz083-B53] After oral ingestion of 300 g of raspberries, the mean C~max~ was 0.2 ± 0.1 nmol/L.[@nuz083-B51] After a single oral ingestion of 250 g of blackberries, the mean C~max~ was 47 ± 8 ng/mL.[@nuz083-B57] An oral dose of 500 mg of [@nuz083-B13]C-labeled C3G resulted in a maximal C3G concentration of 141nM ± 70nM in human serum.[@nuz083-B71] Several aspects determine the bioavailability of C3G. First, C3G is chemically composed of a benzopyran core, which, in turn, is integrated by a phenolic ring, a pyran ring, and a benzoyl ring.[@nuz083-B72] Second, it has a molecular weight of 449.4 g/mol, a polar surface area of log *P* = 0.39, a partition coefficient of Å = 191, and known hydrophobic/hydrophilic characteristics.[@nuz083-B72] Third, it can undergo glycosylation and methylation, both of which affect its pharmacokinetics.[@nuz083-B73] For instance, a second glycosylation in the fifth carbon is known to increase the hydrophilic properties of C3G, thereby increasing its bioavailability, while an extra malonyl group makes it more hydrophobic, thereby decreasing its bioavailability.[@nuz083-B72]^,^[@nuz083-B74]^,^[@nuz083-B75] Fourth, C3G's absorption saturation is observed around an ingested dose of 200nM, primarily because C3G binds and interacts with other molecules (eg, cellulose) while being absorbed.[@nuz083-B72] On the basis of these findings about the bioavailability of C3G, it seems likely that C3G meets the dose-response criterion to become a suitable biomarker of berry intake.

### Time response

The time response criterion refers to the time required for the maximum C3G concentration to be reached in plasma and urine as well as to the range of time that C3G concentrations are measurable,[@nuz083-B43] which in turn is influenced by the absorption and elimination of C3G. When evaluating whether the time response criterion is met, the specific purpose of the biomarker should be considered. In the case of C3G, time-response kinetic parameters have been determined through the present systematic review. In human plasma, the mean (± SD) T~max~ of C3G was 1.8 ± 0.3 hours after a single oral dose of 150 g of wild blueberry puree, and the AUC was 62.2 ± 10.3 nmol/h/L.[@nuz083-B53] The rapid absorption of C3G has also been confirmed by the following values in human plasma: T~max~ of 66 ±15 minutes after ingestion of 250 g of blackberries,[@nuz083-B57] and T~max~ of 1 hour after ingestion of 300 g of raspberries.[@nuz083-B51] In human serum, the T~max~ of C3G was 1.8 ± 0.2 hours after a single oral dose of 500 mg of [@nuz083-B13]C-labeled C3G.[@nuz083-B71] In another study, C3G was found to have a minimum mean bioavailability of 12.38% ± 1.38% in humans.[@nuz083-B73]

Several animal studies have reported different peak C3G levels, depending on the animal, the specimen, or the organs investigated.[@nuz083-B39] In mice plasma, the oral administration of C3G extract at 500 mg/kg resulted in an elimination rate constant of 0.43 h^−1^, and the intravenous administration of 1 mg/kg resulted in an elimination rate constant of 1.84 h^−1^,[@nuz083-B60] with the half-life of C3G being 1.6 hours after oral ingestion and 0.4 hour after intravenous administration.[@nuz083-B60] In addition, Marczylo et al[@nuz083-B60] reported AUC values of 25.1 nmol/h/mL after C3G oral intake and 3.01 nmol/h/mL after intravenous administration in mice. Moreover, the maximum peak concentration of C3G in the heart tissue of mice, 1.40 × 10^4^ pmol/g, was reached 10 minutes after oral administration of C3G extract at a dosage of 500 mg/kg.[@nuz083-B39]^,^[@nuz083-B60]

In brain tissue of mice, the maximum peak concentration of 44.98 pmol/g was reached 15 seconds after intravenous administration of 668 nmol of C3G extract.[@nuz083-B39]^,^[@nuz083-B59] In brain tissue of pigs, the concentration of C3G was 3.17 pmol/g after long-term (3 weeks) oral administration of bilberry extract at 82.5 mg/kg/d.[@nuz083-B39]^,^[@nuz083-B76]

### Stability

The stability criterion refers to the best practices needed for collection and storage of biological specimens to avoid degradation of C3G, thereby permitting C3G concentrations to be measured in such specimens.[@nuz083-B43] Like other anthocyanins, C3G is unstable at high temperatures.[@nuz083-B77] For example, microwave heating with 300 W at high temperatures reduces the content of C3G in pomegranate juice.[@nuz083-B72] Similarly, longer exposures to lower baking temperatures (30 minutes at 140°C and 15 minutes at 240°C) also reduce the amount of C3G found in muffins enriched with raspberry and cranberry pomace powder.[@nuz083-B78] Storage temperature can significantly affect the stability of C3G in foods kept at 5°C, 20°C, and 35°C, even if phenolic acids, procyanidins, and flavone glycosides are added to protect the structure of C3G from degradation.[@nuz083-B79] The stability of C3G is also affected by pH.[@nuz083-B78] At low pH values (pH ≤ 4.0), C3G exists as a flavylium cation and, as pH rises, transforms into either its carbinol (pH = 5.2) or its quinoidal (pH = 5.5--6.0) form, whereas at higher pH values (pH ≥ 6.0), C3G reaches equilibrium and acquires a *cis*-chalcone conformation.[@nuz083-B80]

### Analytical performance

The analytical performance criterion for C3G refers to the reliability of its chemical analysis, ie, whether analytical variability, accuracy, sensitivity, and specificity are adequate.[@nuz083-B43] The minimum requirement for this criterion to be fulfilled by C3G is the ability to measure C3G at different concentrations, a so-called semiquantitative analysis.[@nuz083-B43] In the case of C3G, high-throughput analysis techniques such as HPLC allow identification and quantification of C3G in a wide range of different concentrations in human body fluids[@nuz083-B52]^,^[@nuz083-B81]^,^[@nuz083-B82] and in diverse animal organs and tissues.[@nuz083-B39]^,^[@nuz083-B59]^,^[@nuz083-B76]^,^[@nuz083-B83]

For instance, Czank et al[@nuz083-B73] demonstrated that [@nuz083-B13]C-marked C3G molecules could be identified and measured in human blood, urine, breath, feces, and plasma, with maximum concentrations in plasma ranging between 1.4 and 592 nmol/L.[@nuz083-B84] Moreover, the analytical performance of C3G has also been evaluated by liquid chromatography-tandem mass spectrometry (LC-MS/MS), which has a precision that ranges from 1.2% to 14.5% and an intraday and interday accuracy of 5.1% to 13.6% and 11.5% to 10.9%, respectively. As a consequence, LC-MS/MS was found to be a reproducible, reliable, and accurate method for measurement of C3G.[@nuz083-B85]

In order for C3G to meet the criterion of analytical performance and be fully validated as a suitable biomarker, a stable isotope-labeled standard would need to be present in every sample.[@nuz083-B43] The gold standard of this isotope-labeled molecule for C3G has not been described to date.

### Reproducibility, robustness, and reliability

Reproducibility is achieved only when the analysis of C3G detection has been performed identically in at least 2 different laboratories and evaluated by interlaboratory comparison tests. Such standardized analysis is not commonly performed and represents an area of uncertainty.

Another criterion not fulfilled by C3G is robustness, which evaluates the behavior of C3G in complex diets. Like most putative biomarkers, C3G has been identified in a limited number of well-designed, highly controlled intervention studies.[@nuz083-B60] To date, however, it has not been evaluated when ingested along with other nutrients as a part of a complex meal.

Lastly, the purpose of the reliability criterion is to compare C3G as a new biomarker against the current gold-standard methodology, HPLC, in a controlled setting with supervised food intake and then validate the results via direct comparison using methods such as Passing-Bablok regression.[@nuz083-B86] Since this has not yet been done, the reliability criterion has not yet been met.

### C3G as a useful biomarker of anthocyanin-rich berry consumption

Of all the possible phenolic compounds that were found to be viable biomarkers of berry intake, C3G is the molecule found most frequently in plasma and urine. It therefore fulfills the key criterion of plausibility because its presence has been demonstrated in anthocyanin-rich berries,[@nuz083-B47] supporting C3G as a biomarker of anthocyanin-rich berry intake. Moreover, it also fulfills 4 additional criteria for use as a biomarker, ie, dose-response, time response, stability, and analytical performance.

Since C3G is a relatively rare anthocyanin in plants, and because it is not produced by the metabolization of other compounds, the presence of C3G in human body fluids after the consumption of food is caused directly by C3G ingestion. The positive predictive value of C3G as a biomarker of anthocyanin-rich berry intake is 74% in plasma and 61.7% in urine, although these values are not significant. Predictive values between 70% and 80% are considered acceptable,[@nuz083-B87] and thus a 74% predictive value of C3G in plasma is acceptable, suggesting that, in plasma, C3G could be a suitable biomarker of anthocyanin-rich berry intake, although further confirmatory studies are warranted.

### C3G and human health

The ability to detect C3G might play an important role in human health, particularly since epidemiological studies have shown that the consumption of more than 2 cups of blueberries per week is associated with a significantly slower rate of lung function loss.[@nuz083-B88]

Cyanidin-3-glucoside has also shown anticancer properties in cell and animal experiments in which it was isolated and administered intravenously at relatively high doses of 250nM and 500nM.[@nuz083-B60]^,^[@nuz083-B89]^,^[@nuz083-B90] Among the acknowledged activities of C3G, its roles in DNA protection,[@nuz083-B91] in reduction of body weight and amelioration of insulin resistance in mice with diet-induced obesity, in reduction of hepatic steatosis,[@nuz083-B92] and in activation of fatty acid metabolism[@nuz083-B93] are worth highlighting, along with its anti-inflammatory[@nuz083-B89] antimicrobial, and protective epigenetic effects in cancer and neurological diseases.[@nuz083-B72]^,^[@nuz083-B93]

Limitations
-----------

One of the main limitations of this systematic review is the design of the studies originally screened, which were nonrandomized clinical trials. Such studies often use untargeted analysis to assess the presence of a specific biomarker in a single anthocyanin-rich food, usually berries such as strawberries or blueberries, or other fruits like apples. Thus, authors commonly place special emphasis on the specific phenolic compound found in a single anthocyanin-rich food when reporting their results, while complete reports of the phenolic compounds found in all samples analyzed are usually not described.[@nuz083-B48] On the other hand, studies that used a targeted analytical approach were not included in the present review, and only a few studies met the inclusion criteria for use of an untargeted analytical approach in plasma and urine. The systematic review methodology for identifying biomarkers of food intake by untargeted analysis might not have detected or measured all compounds in a specimen, and therefore it is possible that another biomarker of anthocyanin-rich berry intake might exist. However, at this time, and with the information available, C3G remains the best candidate as a biomarker of anthocyanin-rich berry intake. Moreover, although C3G is a good biomarker of berry intake, it might also be suitable as a biomarker for intake of other foods that contain C3G, but this requires further study.

Another important limitation of the present review is the variation in the sample size of the clinical trials included. To account for the small sample size of some studies, a qualitative meta-analysis of the data was performed. As a result, all studies of different sizes contributed equally to a pool of information, which was further analyzed to reach conclusions.

Another objective of the present review was to identify an anthocyanin biomarker in different human body fluids. Thus far, however, there is insufficient information about the presence of anthocyanins in body fluids other than plasma and urine, such as saliva, which can be collected easily and noninvasively to obtain biological information.

The methodological heterogeneity of anthocyanin identification and quantification in human plasma and urine also represents a critical limitation of this qualitative review. As result, quantitative data could not be analyzed because of differences in the doses used for experimentation, the methods used for quantification, and the sources of anthocyanins administered.

The dose of anthocyanin-rich berries used in most of the included studies varied widely, from 12 g/d to 300 g/d orally, but the complete chemical composition of the ingested berries was not described. Furthermore, the time between administration of the dose and collection of body fluid samples also presented an important variable.

CONCLUSION
==========

Up to 203 different phenolic compounds have been reported in plasma and urine samples from healthy humans. The phenolic compound identified most frequently after consumption of anthocyanin-rich berries is C3G, found in 69.49% of plasma samples and in 58.06% of urine samples. When the process proposed here for the selection of a biomarker candidate is applied, C3G meets the critically important plausibility criterion, as well as the dose-response, time response, stability, and analytical performance criteria. In addition, it has an acceptable positive predictive value of 74% in plasma. Thus, C3G is a promising biomarker of anthocyanin-rich berry consumption in plasma and urine samples of healthy humans.
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###### 

PICOS criteria for inclusion and exclusion of studies

  Criteria       Inclusion criteria                                                                                                                           Exclusion criteria
  -------------- -------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Population     Healthy men and women                                                                                                                        Participants receiving any kind of medication or treatment; nonhealthy individuals; individuals with gastrointestinal pathologies such as inflammatory bowel disease or chronic malabsorption syndrome
  Intervention   Oral or intravenous administration of an anthocyanin-rich berry; analysis of body fluid (blood, plasma, urine, feces, or saliva) performed   Administration of fruits rich in phenolic compounds in conjunction with other nutritional elements
  Comparison     None                                                                                                                                         None
  Outcome        Bioavailability of phenolic compounds in plasma and urine                                                                                    None
  Study design   Human intervention studies, randomized controlled trials, and randomized controlled crossover trials                                         Observational studies, studies without a washout period, studies that used a targeted analytical approach

###### 

Characteristics of included studies in which parent anthocyanin or anthocyanin metabolites were assessed in human body fluids after ingestion of anthocyanin-rich berries

  Type of study       Reference                             Source of anthocyanins    No. of doses    Dose given   Duration of intervention   Study participants   Sample                     
  ------------------- ------------------------------------- ------------------------- -------------- ------------ -------------------------- -------------------- -------- -------- ---- ---- ----
  Long-term                                                                                                                                                                                   
                      Zhang et al (2018)[@nuz083-B48]       Red raspberry             32                125 g                32 d                     NR             NR       NR    2     X    X
                      Feliciano et al (2016)[@nuz083-B49]   Wild blueberry            60                100 g                30 d                     18             --     18--70  18    X    X
                      Tian et al (2006)[@nuz083-B50]        Black raspberry           7                  40 g                7 d                      NR             NR       NR    10    NP   X
  Short-term                                                                                                                                                                                  
                      Ludwig et al (2015)[@nuz083-B51]      Raspberry                 1                 300 g                48 h                     4              5      22--44  9     X    X
                      Feliciano et al (2016)[@nuz083-B49]   Wild blueberry            1                 100 g                24 h                     19             --     18--71  18    X    X
                      Sasot et al (2017)[@nuz083-B52]       Grape pomace extract      1                 200 mL               24 h                     6              6      24--40  12    NP   X
                      Zhong et al (2017)[@nuz083-B53]       Wild blueberry beverage   1                 150 g                24 h                     6              6      20--45  12    X    NP
                      Pimpão et al (2014)[@nuz083-B54]      Mixed berry puree         1                 500 mL               24 h                     3              6      23--54  9     NP   X
                      Felgines et al (2005)[@nuz083-B55]    Blackberry                1                 200 g                24 h                     02             03       NR    5     NP   X
                      Wu et al (2002)[@nuz083-B56]          Elderberry extract        1                  12 g                24 h                     --             04     60--70  4     NR   X
  Lowbush blueberry   1                                     189 g                     24 h                --                  06                    60--70           6        NR    X         
                      Marques et al (2016)[@nuz083-B57]     Blackberry                1                 250 g                2 h                      NR             NR       NR    18    X    X

*Abbreviations and symbols*: NR, not reported; NP, not performed; X, analysis performed.

###### 

Phenolic compounds found in more than 40% of urine or plasma samples, as indicated by gray shading.

  Metabolite                                Urine (*N *= 93)   Plasma (*N *= 59)
  ---------------------------------------- ------------------ -------------------
  Cyanidin-3-glucoside                         54 (58.06)         41 (69.49)
  3,4-Dihydroxyphenylacetic acid               41 (44.09)         29 (49.15)
  4-Hydroxybenzoic acid                        41 (44.09)         30 (50.85)
  Caffeic acid                                 41 (44.09)         30 (50.85)
  Hippuric acid                                41 (44.09)         32 (54.24)
  4-Hydroxyhippuric acid                       39 (41.94)         27 (45.76)
  Gallic acid                                  41 (44.09)          2 (3.39)
  2-Methylpyrogallol-*O*-sulfate               39 (41.94)         18 (30.51)
  Dihydrocaffeic acid                          39 (41.94)         18 (30.51)
  Protocatechuic acid                          39 (41.94)         12 (20.34)
  Cyanidin-3-glucuronide                       25 (26.88)         41 (69.49)
  4-Hydroxyphenylacetic acid                   32 (34.41)         32 (54.24)
  Ferulic acid                                 29 (31.18)         32 (54.24)
  *p*-Coumaric acid                            14 (15.05)         32 (54.24)
  Syringic acid                                30 (32.26)         30 (50.85)
  Vanillic acid                                29 (31.18)         30 (50.85)
  Ferulic acid 4-*O*-glucuronide                9 (9.68)          27 (45.76)
  Ferulic acid 4-sulfate                       30 (32.26)         27 (45.76)
  Isoferulic acid 3-*O*- β-D-glucuronide       18 (19.35)         27 (45.76)
